Background: Studies examining prenatal exposure to mobile phone use and its effect on child neurodevelopment show different results, according to child's developmental stages. Objectives: To examine neurodevelopment in children up to 36 months of age, following prenatal mobile phone use and radiofrequency radiation (RFR) exposure, in relation to prenatal lead exposure. Methods: We analyzed 1198 mother-child pairs from a prospective cohort study (the Mothers and Children's Environmental Health Study). Questionnaires were provided to pregnant women at ≤20 weeks of gestation to assess mobile phone call frequency and duration. A personal exposure meter (PEM) was used to measure RFR exposure for 24 h in 210 pregnant women. Maternal blood lead level (BLL) was measured during pregnancy. Child neurodevelopment was assessed using the Korean version of the Bayley Scales of Infant DevelopmentRevised at 6, 12, 24, and 36 months of age. Logistic regression analysis applied to groups classified by trajectory analysis showing neurodevelopmental patterns over time. Results: The psychomotor development index (PDI) and the mental development index (MDI) at 6, 12, 24, and 36 months of age were not significantly associated with maternal mobile phone use during pregnancy. However, among children exposed to high maternal BLL in utero, there was a significantly increased risk of having a low PDI up to 36 months of age, in relation to an increasing average calling time (p-trend=0.008). There was also a risk of having decreasing MDI up to 36 months of age, in relation to an increasing average calling time or frequency during pregnancy (p-trend=0.05 and 0.007 for time and frequency, respectively). There was no significant association between child neurodevelopment and prenatal RFR exposure measured by PEM in all subjects or in groups stratified by maternal BLL during pregnancy. Conclusions: We found no association between prenatal exposure to RFR and child neurodevelopment during the first three years of life; however, a potential combined effect of prenatal exposure to lead and mobile phone use was suggested.
Introduction
Radio frequency radiation (RFR) exposure is widespread in modern life. Seven billion people, comprising 95% of the global population, live in areas covered by a cellular network (International Telecommunication Union, 2016) . However, despite the increasing use of cellular phones across the globe, the health implications of increased RFR exposure are largely unknown.
The developing pediatric brain may be more susceptible to environmental exposure, such as electromagnetic radiation, compared to the adult brain (Bellieni and Pinto, 2012) . Research derived from animal studies has highlighted positive effects of prenatal RFR exposure in the behavior of animal offspring (Aldad et al., 2012; Haghani et al., 2013; Zhang et al., 2015) , although a study reported no adverse effects (Shirai et al., 2017) . Epidemiological studies have shown different results regarding maternal mobile phone use during pregnancy and subsequent child neurodevelopment: null findings in earlier ages (Vrijheid et al., 2010; Divan et al., 2011; Guxens et al., 2013) but positive association in later ages (Divan et al., 2008 (Divan et al., , 2012 Sudan et al., 2016) . With the exception of one study, which used a prospective questionnaire (Vrijheid et al., 2010) , all studies used questionnaires to retrospectively collect information regarding mobile phone use during pregnancy, which could lead to reporting bias.
On the other hand, lead is a common and environmental neurotoxicant among children (Liu et al., 2014) . Even low levels of lead exposure during pregnancy are associated with adverse neurodevelopment outcomes in children (Jedrychowski et al., 2009; Kim et al., 2013; Liu et al., 2014; Shah-Kulkarni et al., 2016; Vigeh et al., 2014) . Furthermore, a study showing that child mobile phone use increases the risk of attention deficit hyperactivity disorder (ADHD) in children, particularly among those with high blood lead levels (BLL), suggests an effect modification of blood lead level in association with RFR exposure due to mobile phone use and child neurodevelopment (Byun et al., 2013) . However, a possible interaction effect of prenatal RFR exposure and lead on neurodevelopment has not been examined.
Therefore, this study examined the association between prenatal exposure to RFR and child neurodevelopment during the first three years of life in a prospective birth cohort, with consideration of a potential modifying effect arising from prenatal lead exposure.
Methods

Study subjects
The Mothers and Children's Environmental Health (MOCEH) study is a multi-center prospective cohort study that has been conducted in Korea since 2006. Participants were enrolled at ≤20 weeks gestation and the association between prenatal environmental exposure and children's health was evaluated (Kim et al., 2009 ). The study protocol was approved by the Institutional Review Boards at Ewha Woman's University Hospital in Seoul (a metropolitan city), at Dankook University Hospital in Cheonan (a medium-sized city), and at Ulsan University Hospital in the industrial city of Ulsan. Written informed consent was obtained from each participant prior to enrollment in the study.
Of the 1751 pregnant women enrolled in the MOCEH study, 270 did not respond to the questionnaire concerning mobile phone use, 273 children did not take the neurodevelopment test, and 10 did not provide blood samples for measurement of BLL during pregnancy. Consequently, these mother-infant pairs were excluded from this study. The remaining 1198 mother-infant pairs were included for analysis ( Fig. 1 ).
Mobile phone questionnaire data
The questionnaire solicited responses regarding average calling frequency (≤2, 3-5, and ≥6 times/day) and average calling time (< 3, 3-10, 10-30, and ≥30 min/day) during pregnancy. Heavy mobile phone use was defined as making ≥6 mobile phone calls per day or using a mobile phone ≥30 min per day. Several months of call data obtained by participants in the present study from their respective telecommunication companies showed moderate-to-high correlations with the questionnaire information about mobile phone use (correlation coefficient, 0.50-0.60) (Choi et al., 2016) .
Twenty-four-hour personal exposure meter monitoring
The EME Spy100® personal exposure meter (PEM) (SATIMO, 2010) was used to measure RFR in 262 study participants who volunteered to be monitored from November 2007 to August 2010. Of the 262 participants, 45 had children who did not undergo a child neurodevelopment assessment, and 7 did not provide blood samples for measurement of BLL during pregnancy; data from these participants was subsequently excluded. Data from 210 subjects were included in the analysis (Fig. 1) .
The exposure meter detects 10 different bands of frequency ranging from 88 MHz to 2.17 GHz, such as FM, TV7, TETRA, TV47, uplink and downlink of CDMA, uplink and downlink of PCS, and uplink and downlink of IMT-2000, with electric field strength ranging from 0.05 to 5.0 V/m. Differentiating between uplink and downlink is useful not only for assessment of frequencies contributed by each transmitter, but also for avoiding corruption of the results by phones emitting frequencies close to the dosimeter (SATIMO, 2010). The exposure level was recorded every 15 s for 24 h (5760 measurements in total). For each individual, we calculated the arithmetic mean value for each frequency band. To allow measurements below the limit of detection (LOD) of 0.05 V/m, arithmetic mean values were calculated using the KaplanMeier method considering left and right censored data, with LOD/2 used in cases below the LOD (Helsel, 2005) . The total exposure index of each subject was calculated as the sum of the square of the arithmetic mean value for each frequency band divided by the guidance level (Korean Ministry of Science, 2013). The exposure index for mobile communication calculated using the same formula with the total exposure index for specific bands of frequency, such as CDMA, PCS, Fig. 1 . Selection process of study subjects. PEM: Personal exposure meter, EME Spy100® (Satimo, France).
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Child neurodevelopment
The Bayley Scales of Infant Development-Revised (BSID-II) tool is widely used by clinicians for assessing neurodevelopment of children up to 3 years of age (Bayley, 1993) . In this study, child neurodevelopment assessed using the Korean version of BSID-II at 6, 12, 24, and 36 months of age. Assessments were performed by trained examiners and lasted 30-45 min (Park and Cho, 2006) . The Korean version of the BSID-II was validated by back translation and test-retest stability (Park and Cho, 2006) . It is composed of a mental development index (MDI) and a psychomotor development index (PDI) (Bayley, 1993) , and produces a composite score that compares the child's developmental performance with the norms for typically developing Korean children of the same age (Park and Cho, 2006) . Each test was standardized to produce developmental indices with a mean score of 100 and an SD of 15 (Park and Cho, 2006) . Inter-rater reliability (kappa value > 0.8) was confirmed annually through rater training sessions and video monitoring of the examination process. Each measurement was double-checked and confirmed through feedback between the examiners and the central coordinator.
Confounding factors and covariates
The year of enrollment, center area, and responses to questions concerning maternal age at pregnancy (< 30, 30-34 , and ≥35 years), household income (< 2,000, 2000-3,000, and ≥3000 10 3 KRW per month), whether or not the mother is employed, educational level (≤12 or > 12 years), and frequency of headset use (never, sometimes, or often to always) were obtained via a questionnaire at the time of study enrollment. Information on gestational age, sex of the infant, and birth order was obtained from subjects' medical records. The maternal intelligence quotient (IQ) was measured by the Korean version of the Adult Intelligence Scale (K-WAIS) in 572 mothers (47.4%) (Lim et al., 2000) and classified as < 100 (mean) or ≥100. As a biomarker of prenatal secondhand smoke exposure, maternal urinary cotinine levels during late pregnancy were measured by enzyme-linked immunosorbent assay (ELISA).
Statistical analysis
A chi-square test was performed to evaluate the differences in distribution of heavy mobile phone users according to general characteristics. The Kruskal-Wallis test or Wilcoxon rank-sum test was used to compare distributions of the exposure index according to general maternal characteristics. Regression analysis was performed to evaluate the effects of prenatal exposure to RFR on child neurodevelopment at 6, 12, 24, and 36 months of age adjusted for year of enrollment, center area, maternal age, maternal educational level, maternal IQ, household income, having a maternal occupation, maternal urinary cotinine levels during late pregnancy, infant's sex, birth order, frequency of head set use (only for prenatal mobile phone use), and gestational age. The generalized estimating equation (GEE) was used for repeated measurements of child neurodevelopment from 6 to 36 months of age. Trajectory analysis was performed to classify child neurodevelopment patterns over time, in which a minimum Bayesian Information Criterion (BIC) model was selected (number of latent period=2), using the lcmm package in the R software (Proust-Lima et al., 2015) . Children with low level or decreasing neurodevelopment indices from 6 to 36 months of age were considered as a high-risk group. Odds ratios and 95% confidence intervals for risk groups were estimated using a logistic regression model adjusted for covariates. For a sensitivity analysis of PEM related results, we reanalyzed with GEE and a logistic regression model on the trajectory grouping, after multiple imputation for missing data for PEM among the 1198 subjects. We imputed 10 data sets of RFR exposure index values (total exposure index and mobile communication index) over 50 iterations with the random forest model, using the mice package in the R software (van Buuren and Groothuis-Oudshoorn, 2011). To examine the correlation in the children's neurodevelopment at each time point, we performed a Pearson's correlation analysis. All statistical analyses were performed using R 3.1.2 (R Core Team, 2014) and a p-value < 0.05 was considered significant.
Results
Increased mobile phone use (both in calling frequency and calling time) was observed in those less than 30 years of age, enrolled recently in the study, living in Seoul, with higher household income, currently employed, and giving birth to their first child. Maternal education level, maternal IQ, maternal urinary cotinine level, and maternal BLL were not associated with mobile phone use during pregnancy (Table 1) . Of the subjects, 30.9% used a mobile phone ≥6 times per day and 12.1% Mobile phone use during pregnancy did not show significant negative linear associations with the child neurodevelopmental index at 6, 12, 24, or 36 months of age. Rather, PDI at 12 and 24 months of age showed positive linear trends with increasing calling frequency per day, and children of heavily mobile phone using mothers had significantly higher PDIs ( Table 2 ). The corresponding unadjusted models showed a similar pattern, although the estimated sizes were somewhat attenuated (Table S1 ). Fig. 2 shows the trajectory analysis results of MDI and PDI over time. Results from this analysis show two primary groups differentiated by MDI and PDI. One group maintained a high level, while the other group exhibited decreasing MDIs or maintained low level PDIs (Fig. 2) . K.-H. Choi et al. Environmental Research 156 (2017) [810] [811] [812] [813] [814] [815] [816] [817] The baseline characteristics of the two groups did not differ significantly, with the exception of sex of the child and location (Table S2) . Among children of mothers with higher BLLs during pregnancy, more prenatal maternal mobile phone use was more likely to be associated with having decreasing MDI over time (calling frequency: p-trend=0.007; calling time: p-trend=0.05) or maintaining a low level of PDI over time (calling time: p-trend=0.008). However, children of mothers with lower maternal BLLs during pregnancy showed significantly decreasing patterns of risk, having decreasing MDI over time (ptrend=0.01) or having low PDI over time (p-trend=0.04), in association with an increase of maternal mobile phone use during pregnancy (Table 3) . The association between prenatal maternal mobile phone use and the risk of decreasing MDI was modified significantly by prenatal maternal BLL (p-interaction < 0.02). Results from the corresponding unadjusted models (Table S3 ) and the GEE models using a continuous scale of MDI/PDI scores (Table S4) showed a similar pattern.
MDI and PDI scores at 6, 12, 24, or 36 months of age were not significantly associated with RFR exposure measured by PEM in all children, and in those of mothers with both low and high maternal BLL during pregnancy (Table 4) . The corresponding unadjusted models showed a similar pattern (Table S5 ) and the repeated analysis results in the imputed data for 1198 pairs of subjects did not show significant associations (Table S6 ). The risk of having a decreasing or low MDI or PDI over time in association with RFR exposure could not be estimated due to the small sample size and the results of imputed data did not show any significant association (Table S7 ).
Discussion
We found no significant association between prenatal exposure to RFR and child neurodevelopment during the first three years of life. However, prenatal maternal lead exposure had a potential modifying effect on the risk of delayed or lower neurodevelopment in association with maternal mobile phone use during pregnancy.
Previous studies on maternal mobile phone use during pregnancy and child cognitive or behavioral problems have shown different results when compared to the developmental stages of children. Adverse effects have been reported in later ages, for example, at 7 years (Divan et al., 2008 (Divan et al., , 2012 , and 11 years (Sudan et al., 2016) . However, null findings have reported in earlier ages, for example, at 14 months (Vrijheid et al., 2010) , at 6 and 18 months (Divan et al., 2011) , and at 5 years (Guxens et al., 2013) . The maximum age of children in the present study was 3 years of age, which falls the ages used in previous studies to report null findings. Our findings are consistent in previous studies, and suggests that the effects of prenatal RFR exposure due to maternal mobile phone use may not be apparent before 3 years of age.
In addition, there are differences between studies in term of measurement tools of neurodevelopment and the time of information collection (prospective versus retrospective). A cohort study prospectively collected information on maternal mobile phone use during pregnancy (Vrijheid et al., 2010) , and used the BSID II to assess child neurodevelopment. Similar to this study, results from that study showed little difference between users and non-users of mobile phones, and no significant dose-response pattern in neurodevelopment found in children at 14 months of age.
After stratification with prenatal maternal BLL, we found significant contrasting trends between the lower and the higher maternal BLL group; the latter showed a significantly increased risk of having poor or delayed neurodevelopment up to 36 months of age in association with maternal mobile phone use during pregnancy. A previous study reported possible modifying effects of lead exposure in children, although it was not in utero exposure, in relation with mobile phone use and the risk of ADHD in children (Byun et al., 2013) . In addition, lead is a well-known neurotoxicant in the developing brain (Jedrychowski et al., 2009; Kim et al., 2013; Liu et al., 2014; Vigeh et al., 2014) . These studies suggest that prenatal RFR exposure due to maternal mobile phone use and simultaneous exposure to lead have synergistically adverse effects on the neurodevelopment of children. A neuro-protective effect in children of women with low BLL during pregnancy, particularly with regard to calling frequency, may be due to unknown confounding factors, such as the child rearing environment.
However, we found no significant association between prenatal RFR exposure measured by PEM and child neurodevelopment in this study. Although previous studies have reported that RFR exposure may be associated with increased behavioral problems in children and adolescents (Thomas et al., 2010) , none of these studies measure the prenatal RFR exposure by PEM, or examine the cognitive or behavioral development in children. The null finding in the present study may be partially due to a lack of statistical power, particularly when considering the non-significant decrease in child neurodevelopment indices among those with high lead exposure in utero. The analysis results in the multiple imputed data, to compensate for the small sample size, did not show a significant association. Therefore, if the variable of mobile phone use comprises something more than RFR exposure such as the rearing environment, future replication studies, alongside for the finding of a modifying effect with lead exposure as investigated in the present study, are needed using larger cohort data.
Multiple biological mechanisms of the effects on the brain of infants exposed to RFR in utero have been proposed. First, RFR exposure creates an energy transfer, which increases the permeability of the blood brain barrier (BBB) to macromolecules (Stam, 2010) . Even though RFR energy from the mother's mobile phone use or holding a mobile phone near the body would be at a very low level when it reaches the fetal brain (Varsier et al., 2014) , the immature fetal BBB may be susceptible. Alongside this, an increased level of lead in cord blood, which is a wellknown neuro-toxicant, could transfer to the fetal brain, resulting in adverse neurodevelopmental effects. In addition, lead in maternal blood crosses the blood placenta barrier (BPB) and enters the cord blood (Goyer, 1990) . It is also conceivable that more lead crosses the BPB if RFR energy increases the permeability of the BPB as well. However, there have not been studies on RFR effects on the BPB.
Secondly, RFR exposure appears to disrupt the release of melatonin from the pituitary gland, which may affect metabolic and/or sex hormones of the pregnant mother and affect fetal brain development (Hocking, 2009) . In the present study, however, we did not observe any significantly different findings between sexes, which does not offer support from this study for a hypothesis of sex hormone involvement (data not shown). Lastly, RFR exposure may also affect fetal stem cells, including future neuronal cells (Bellieni and Pinto, 2012) . Although interesting, none of these hypotheses have been confirmed to date (Feychting, 2011) .
This study obtained information on mobile phone use from selfadministered questionnaires provided to pregnant women upon study enrollment. Consequently, it is likely to be free of recall bias. Furthermore, the correlation coefficient of mobile phone operator log data was 0.5-0.6, indicating moderate to high validity (Choi et al., Table 3 Association between prenatal mobile phone use and the risk of decreasing or low in child neurodevelopment from 6 to 36 months of age, stratified by prenatal maternal blood lead level.
All
Maternal blood lead during pregnancy Throughout the 6-36 months of age period, the child neurodevelopmental index was classified into 2 groups, stable and decreasing/low of MDI or PDI score by trajectory analysis (number of latent=2, minimum BIC model selected). OR and 95% CI were estimated for decreasing/low versus stable group of MDI and PDI using the logistic regression model adjusted for year of enrollment, area, maternal age, maternal educational level, maternal intelligence quotient, household income, maternal occupation, prenatal urinary cotinine level, infant's sex, birth order, gestational age, and frequency of using a head set. c p value for interaction estimated using log likelihood ratio test between with and without interaction term (mobile phone use and maternal blood lead) in corresponding logistic regression model. The numbers of children were 46 and 856 of low lead group, 13 and 283 for high lead group, in decreasing and stable group in MDI, respectively, 32 and 870 for low lead group, 6 and 290 for high lead group, in low and stable group in PDI, respectively. The category with the largest number of subjects was chosen as the referent.
2016
). Unlike previous studies, this study used expert examiners to objectively measure child neurodevelopment rather than use subjective assessments of child development by parental-report (Divan et al., 2008 (Divan et al., , 2011 (Divan et al., , 2012 Guxens et al., 2013) . This study was also carried out through a period covering 36 months of age, which is important when analyzing a pattern or trend over time. The neurodevelopment of children is variable over time, and this reflects in the correlation results between developing stages (Table S9 ). Given this, it is reasonable to examine the trajectory of neurodevelopment using multiple-time point measurement values over developmental years as an index of children's neurodevelopment, rather than using one-time point measurement, particularly in earlier ages. Other studies did not consider trends over time, but instead analyzed data at one (Divan et al., 2008 (Divan et al., , 2012 Guxens et al., 2013; Vrijheid et al., 2010) or two time points (Divan et al., 2011) without considering the repeated measurements. The distribution between the included and the excluded in the present study differed regarding center area, age, and household income. This may be due to differences in the follow-up rate by area, as well as being due to poor follow-up rates in subjects who were classified within the unknown category for age and household income at enrollment (that is, subjects who did not answer the questions) (Table S8 ). However, other general characteristics of pregnant women did not differ between those included and excluded from the study. The measurements mostly collected from two areas, Cheonan and Seoul, for the three centers in the PEM analysis; the differences in age and occupation may be due to poor follow-up of the unknown category at enrollment (Table S8) . This study had a small sample size, particularly for RFR exposure measurements, which resulted in insufficient statistical power. Therefore, further research warranted in additional large cohort studies.
Conclusions
We found no association between prenatal exposure to RFR and child neurodevelopment for the first three years, but a potential combined effect of maternal lead exposure and mobile phone use during pregnancy was suggested. 
